Purpose. To elucidate the pattern of donor and recipient endothelial cell population in transplanted human corneas and determine the degree to which donor endothelial cells survive in the graft.
Introduction
As the major refractive element in the eye, the cornea serves an essential function for vision. To provide this function, it is vital that the cornea remains transparent -a task for which the corneal endothelium plays a critical role. It is well established that the corneal endothelium functions to maintain corneal hydration, thickness, and transparency through a dual pump -barrier function. 1 In view of the limited ability of human corneal endothelial cells to divide mitotically, 1 endothelial trauma (surgical or otherwise) is accompanied by irreversible cell loss. Depending on the degree of endothelial cell loss, the pump -barrier function may be disrupted and present a risk for subsequent edema, clouding, and loss of vision. This risk is perhaps most apparent in the transplanted cornea, with a large proportion of grafts failing due to endothelial decompensation in the early or late postoperative phase. 2, 3 It is therefore of considerable interest to study the endothelial cell layer in the graft after transplantation, in an attempt to identify cellular activity that may contribute to the long-term transparency of the graft, or alternatively, to its decompensation and failure. To examine such questions the status of endothelial cells in the graft must first be assessed, accounting for the postoperative attrition of donor endothelial cells, cell migration, and replacement by recipient endothelium. Our understanding of these phenomena to date, however, is poor, and has been largely based on early animal studies using radioisotope labeling or sex chromatin as differential endothelial markers, [4] [5] [6] [7] [8] [9] or has been gained by inference from specular microscopic observation of the human corneal endothelium. 3, [10] [11] [12] [13] As opposed to these earlier techniques, a more exact method for unequivocally identifying individual donor and recipient endothelial cells in the graft -namely fluorescent in situ hybridization (FISH) of the sex chromosomes in sex-mismatched corneal grafts -has only been proposed within the past decade, 14 and only two studies to date have utilized this technique to examine human corneal endothelial cells. 14, 15 In a recent study we observed for the first time that individual human donor endothelial cells survived in the graft for up to 32 years. 15 Both studies using the FISH technique, however, addressed the question of whether donor endothelial cells survive in the graft in the long term, and both used thin histologic corneal sections containing relatively few endothelial cells. To date, the pattern of donor and recipient endothelial cell population of the two-dimensional posterior graft surface at the level of the individual cells remains unknown.
Accordingly, as an initial step towards elucidating the dynamics of endothelial cell population of the graft, in this study we used the FISH technique in sex-mismatched human corneal grafts to observe the origin of cells (donor or recipient) and their respective location over the twodimensional endothelial surface.
Materials and Methods

Patients
After obtaining approval from the Gothenburg University ethics committee and following the tenets of the Declaration of Helsinki, between September 2004 and December 2008 forty-nine corneal buttons were collected prospectively from patients with failed corneal transplants.
Buttons were retrieved in sex-mismatched cases (the patient and original donor were of opposite sex) at the time of re-operation by members of the Swedish Society of Corneal Surgeons.
Corneal button diameter varied from 7.25 to 8mm. Following further sample preparation, thirteen samples were deemed unsuitable for analysis leaving a final study sample of 36 corneal buttons.
The recipient population consisted of 23 female and 13 male patients, with a mean age of 66 ± 15 y (mean ± SD) at the time of reoperation. The age of the graft (time from initial penetrating keratoplasty to removal of the donor button at re-operation) ranged from 1 -30 years. The most common indications for the primary transplant were keratoconus (12 cases) and bullous keratopathy/edema (10 cases). The main indication for re-operation was endothelial decompensation (27 cases), while nine grafts were removed for other reasons, 6 of which were substantially transparent at the time of removal. Details of recipient characteristics and the explanted buttons are given in Table 1 .
Sample preparation
Immediately following surgery, an en face, two-dimensional sample of endothelial cells was obtained from the explanted button by blotting the endothelial side with a sterile filter membrane (Millicell 0.4 µm, 10 mm dia. sterilized culture plate insert; Millipore Corp., Bedford, MA, USA). The membrane was gently pressed onto the button and after a few seconds was carefully lifted to harvest endothelial cells, which adhered to the membrane surface. The membrane with cells was allowed to dry in air for a few minutes and was then transported to the Department of Obstetrics and Gynaecology at Gothenburg University for further laboratory analysis. In the laboratory, endothelial cells adhering to the membrane surface were immediately fixed by immersing the entire membrane in 95% methanol for 5 minutes. Upon removal, the membrane was allowed to dry in air at room temperature. Samples were subsequently pre-processed for fluorescent in situ hybridization (FISH) analysis of the sex chromosomes of endothelial cells by re-fixing in a 3:1 Et-OH/acetic acid solution at room temperature for 15 min. The samples were allowed to dry in air, after which the entire filter membrane with adherent cells was mounted cell side up on a glass microscope slide. FISH was then performed in an identical manner as has been described previously. 
Results
A large number of endothelial cells were lifted from the corneal button by the filter membrane. All patient samples were assessed manually by the approximate method. A pictorial representation of the distribution of endothelial cells in the excised button in several cases from Table 1 is given in Figure 4 . The distribution of donor and recipient cells varied considerably among samples and in most cases, no discernable pattern of recipient cells within the graft could be detected; however, in a few cases recipient cells were found principally in the graft periphery with only donor cells occupying the central graft. In total, in 25 of 36 cases (69.4%), at least some endothelial cells of recipient origin were found in the central graft, with graft age in these cases varying from 1 -30 years and donor cell proportion ranging from 0 -99%.
The proportion of donor endothelium in the excised buttons is given in Table 1 , and is illustrated graphically in Figure 5 . Overall, there was no significant correlation of the donor cell proportion at the time of graft removal with the age of the graft (Pearson coefficient -0.22, P = 0.19).
Correlations between graft age and donor cell survival were further tested by sub-grouping samples based on graft transparency, recipient age (above or below the median age of 70y), recipient sex, and indication for primary transplantation (keratoconus or non-keratoconus). In all cases, no significant correlation of donor cell survival with graft age was found.
Donor cell survival varied widely across samples -this was particularly evident in grafts present within a recipient for less than 10 years. Complete replacement of donor endothelium by cells of recipient origin occurred in 10 of 36 grafts (27.8%). In one case, total replacement occurred as early as 1.5 years after transplantation. Of the six transparent grafts, two exhibited complete donor cell replacement while the remaining four (removed due to intractable astigmatism) had a substantial proportion of surviving donor endothelium, ranging from 30 -99%. In one case, 50%
of endothelial cells were of donor origin in a transparent graft removed 26 years after transplantation.
The proportion of donor endothelium present was compared across patients grouped by sex, keratoconic versus non-keratoconic eyes, and graft age (above or below the median age of 5 years). The only significant difference found was a reduced proportion of donor endothelium in grafts older than 5 years relative to younger grafts (P = 0.046, Mann-Whitney rank sum test).
The indication for initial transplantation was also considered. The proportion of donor endothelium surviving in conditions where peripheral recipient endothelial cell density would be expected to be high (keratoconus, lattice dystrophy, herpes keratitis, trauma, or chemical injury)
was compared to conditions with a lower expected recipient endothelial cell density (endothelial dystrophy, bullous keratopathy and edema). No significant difference in the proportion of donor cells surviving in the graft could be found between the two groups (P = 0.94, Mann-Whitney), however, median graft survival time in the lower expected cell density group was significantly shorter than in recipients with a better-preserved endothelium (P = 0.002, Mann-Whitney). No significant correlation of graft age with donor cell survival (i.e., replacement of donor endothelium over time) could be found in either group of indications.
The rate of decline in the proportion of donor endothelial cells in the graft was additionally considered. Based on an assumption of a constant rate of donor cell loss after transplantation, the mean annual rate of decline in donor cell proportion was determined by dividing the proportion of donor cells lost at graft failure by the age of the graft in years (results in Table 1 ). In grafts which failed due to edema from endothelial decompensation, a significant correlation between the mean annual rate of proportional donor endothelial cell loss and the time to graft decompensation was found (Pearson coefficient: -0.56, P = 0.002). In a likewise manner, we analyzed the results from our earlier study 15 and again found a significant correlation between the rate of donor endothelial cell loss and the time to graft decompensation (Pearson coefficient:
-0.56, P < 0.001).
Discussion
Tracking the location and origin of endothelial cells across the two-dimensional posterior corneal graft surface by FISH analysis has revealed that a substantial proportion of donor-derived endothelial cells can survive in the graft for long periods, in some cases indefinitely.
Considerable variability exists, however, in the replacement of donor endothelium. Our findings support the results of our earlier study where relatively few endothelial cells were analyzed in thin cross-sections of the central graft. 15 Our results differ most notably from those of Wollensak and Green, who used FISH analysis of thin corneal sections to show complete endothelial replacement by recipient cells in all 14 grafts examined, with graft age ranging from 11 months to 30 years. 14 In that study, however, only failed grafts were examined, tissue samples were obtained retrospectively, and the analysis was limited by the small number of endothelial cell nuclei that could be examined in thin tissue sections. While the possibility that individual, isolated recipient cells were of non-endothelial origin (eg., bone marrow-derived) cannot be excluded, the consistency of the nuclear size and morphology of recipient cells with surrounding donor-derived endothelial nuclei and the distribution of the cells (see for example Figure 3 ) strongly suggests a corneal endothelial phenotype. In future studies, endothelial cell-specific markers could be used to confirm cell phenotype, or alternatively, specular microscope photographs of the central corneal endothelium (taken prior to explantation) could be used to examine cell density, morphology and phenotype. The presence, however, of ten grafts in this study and nine in our previous study 15 , all apparently exhibiting full replacement by recipient endothelium, suggests the ability of individual peripheral recipient endothelial cells to traverse the wound and migrate to the central cornea. Another possibility is that mitotic division, in addition to migration, contributed to the repopulation of graft endothelium. Although the mitotic potential of human corneal endothelial cells is believed to be limited 1 , evidence for mitosis in humans both in-vitro and in-vivo has been reported. [18] [19] [20] Moreover, studies of mitotic endothelial division in response to a corneal wound 1 may not adequately reflect in-vivo mitotic stimuli that may exist in the context of allotransplantation.
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From our results, we speculate that a variable initial migration (and possibly division) of recipient and/or donor endothelium on the graft (dependent on factors such as donor tissue status and degree of surgical trauma), followed by endothelial cell attrition post-transplantation 3 (of both donor and recipient cells, presumably at various locations in the graft), may account for the varied patterns of endothelial replacement observed at the time of graft removal. The use of specific markers to determine the extent of endothelial cell migration or division, and the use of specular microscopy to record endothelial cell densities remain interesting possibilities for a more detailed future investigation of endothelial cell dynamics in explanted grafts.
Variable rates of donor endothelial cell replacement were found in grafts that failed due to decompensation. While a high rate of replacement (donor endothelial cell death) invariably resulted in early graft decompensation, some grafts with slow replacement of donor endothelium also decompensated early. This finding indicates that additional factors apart from donor cell survival alone, such as the absolute number of endothelial cells on the graft or the functional viability of the donor endothelium, may also impact the success of the graft.
In the four transparent, otherwise successful grafts removed in this study for astigmatic reasons, the rate of donor endothelial cell loss was low, indicating a tendency for donor endothelium to persist in transparent, successful grafts. A similar trend was also noted in our earlier study 15 and by others in animal studies. 7, 17, 22, 23 In our two cases of transparent, but skewed grafts, no donor endothelium was present, however, these grafts were removed due to scar formation at the graftto-recipient interface, which affected the visual axis due to the off-center location of the graft.
Additionally, one of these grafts had a mild haze noted at the time of re-operation. In earlier studies in rabbits, Chi and colleagues noted that grafts with postoperative haziness followed by spontaneous clearing had very few donor endothelial cells present, and postulated that initially damaged donor endothelium was eventually replaced by recipient cells, which cleared the graft.
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A similar effect was discussed in cases of late spontaneous clearing of human corneal grafts. 24 Although in this study we did not have information concerning the early postoperative transparency of grafts, it is apparent that in some cases, the retention of donor endothelial cells alone may not be a necessary condition for long-term graft transparency. This contention is supported by the observation in this study of a low proportion of donor endothelium in the three cases of recurrent lattice dystrophy, where edema-free grafts were removed 13 to 30 years after transplantation.
Several methodological limitations in this study are worth noting. Although blotting the endothelial side of grafts using a filter membrane was an effective method of harvesting endothelial cells, in a few samples a substantial number of endothelial cells remained adherent to the graft after blotting. A second blot typically removed these remaining cells, and subsequent FISH analysis of second membranes indicated the same donor and recipient cell proportions (results not shown). Additionally, since the membranes used were flat, the concavity of the endothelial side of corneal buttons made sampling of cells at the outer edge of the graft difficult.
In terms of imaging, our approximate method of drawing the pattern of donor and recipient cells in the graft could be improved by using an exact technique to provide data as illustrated in a partial region of a graft in Figure 3 . The tedious nature of acquiring and assembling such large composite images could be aided by wide-field imaging techniques or an automated (motorized) sample scanning and image acquisition scheme. Finally, inclusion of a larger sample of transparent grafts would enable differences in the endothelium of successful and failed grafts to be meaningfully compared to isolate features significantly impacting transparency of the graft.
In this study we presented the first picture of the two-dimensional pattern of donor and recipient endothelial cell population of the corneal graft. The speed and pattern of endothelial cell migration into the graft has not been directly observed in prior studies and our results suggest that the graft endothelium after keratoplasty is a much more dynamic environment than is *age at time of re-operation. Age data was not available for four recipients. †reason for explantation of well-compensated, non-edematous grafts. Astigmatism refers to intractable astigmatic refractive error. Skewed grafts caused defects in the visual axis due to their off-center corneal location. ‡ time interval between initial transplantation and removal at re-operation § mean annual rate of proportional loss in donor endothelial cells, using a simplified assumption of a constant rate of post-transplantation cell loss 
